Background: Adult acquired flatfoot deformity (AAFD) is traditionally related to a tibialis posterior tendon deficiency. In the intermediate stages, treatments are commonly focused on reinforcing this tissue, but sometimes the deformation appears again over time, necessitating the use of more aggressive options. Tissue stress cannot be consistently evaluated through traditional experimental trials. Computational foot modeling extends knowledge of the disease and could help guide the clinical decisions. This study analyzes the biomechanical stress of the main tissues related to AAFD and their capacity to support the plantar arch. Methods: A FE foot model was reconstructed. All the bones, cartilages and tissues related to AAFD were included, respecting their biomechanical characteristics. The biomechanical tissue stress was quantified. The capacity of each soft tissue to support the plantar arch was measured, following clinical criteria. Findings: Biomechanical stress of the tibialis posterior tendon is considerably superior to both the plantar fascia and spring ligament stress. However, it cannot maintain the plantar arch by itself. Both the tibialis posterior tendon and spring ligament act in reducing the hindfoot pronation, while the plantar fascia is the main tissue that prevents arch elongation. The Achilles tendon action increases the plantar tissue stress. Interpretation: The tibialis posterior tendon stress increases when the spring ligament or the fascia plantar fails. These findings are consistent with the theory that regards the tibialis posterior tendon as a secondary actor because it cannot support the plantar arch and claudicates when the hindfoot has rotated around the talonavicular joint.
Introduction
Adult acquired flatfoot deformity (AAFD) is a pathology that causes a progressive flattening of the foot arch, traditionally related to the weakening of the Tibialis Posterior Tendon (TPT) (Smyth et al., 2017) . Many treatment options are focused on reinforcing this tissue, but sometimes the foot deformation appears again over time, necessitating the use of more aggressive and restrictive options such as selective arthrodesis in the middle and hindfoot joints or corrective osteotomies of the hindfoot valgus moment (Fowble and Sands, 2004; Guha and Perera, 2012; Lladó et al., 2015; Toullec, 2015; Bluman et al., 2007; Vulcano et al., 2013; Valladar et al., 2015) . This scenario often appears in the intermediate stages of the disease and currently there is no accepted consensus on the appropriate treatment (Fowble and Sands, 2004) . Some clinical studies have found that this deformity is also related with the failure of other soft tissues, such as the plantar fascia (PF) or the plantar calcaneonavicular ligament, also known as the spring ligament (SL) (Lee et al., 2005; Shibuya et al., 2010; Toullec, 2015) .
Furthermore, some biomechanical variables such as soft tissue biomechanical stress have not been adequately evaluated through experimental trials. The main limitations of such trials are the considerable biomechanical complexity of the foot, the difficulty of tissue segmentation during experimental tests and other limitations related to measuring the whole tissue during loading tests (Huang et al., 1993; Song et al., 1996; Rabbito et al., 2011) . Many researchers have analyzed normal and pathological human foot biomechanics using different modeling approaches (Huang et al., 1993; Bertani et al., 1999; Deland, 2001; Vulcano et al., 2013) . Some studies use cadaver models to evaluate the reaction of the foot under progressive loads. This allows the measurement of the anatomical deformation of both the soft tissues and bone structure of the foot, generated by the loading tests (Pichler et al., 2005; Deschamps et al., 2011; Marchena et al., 2013; Toullec, 2015) . However, these kinds of studies require high economic investments in measurement equipment, as well as meticulous control over the tested tissues to guarantee their biomechanical characteristics. Thus, it is extremely difficult to obtain isolated information about each tissue with consistent results (Morales Orcajo et al., 2015) .
An alternative approach accepted nowadays by clinicians and biomechanical engineers is the finite elements (FE) modeling. Computational foot modeling extends knowledge of AAFD and could help guide clinical decisions (Smith, 2015) . This computational methodology allows the design of complex numerical models that adequately represent human foot behavior for biomechanics studies (Wang et al., 2016a) . These models are a valid alternative that allow tissue alterations or loading changes to be included in virtual structures that cannot easily be considered when real tissues are used Morales Orcajo et al., 2015; Smith, 2015; Smyth et al., 2017; Wong et al., 2017) . Of course, their validity requires the proper design of the physiological structures and the adequate modeling of the mechanical properties of the tissue (Viceconti et al., 2005) . These models use tissue model parameters taken from experimental cadaver foot studies, generally simplifying the shape or behavior to optimize the model calculation. As mentioned above, clinical studies have identified some soft tissues that have an important involvement in AAFD development: the TPT (Lee et al., 2005; Toullec, 2015) , PF (Haddad et al., 2011; Hidalgo et al., 2014) and the SL. However, currently published models simulate these tissues but without considering their geometry appropriately Smith, 2015; Smith et al., 2017; Wang et al., 2016b) . They mostly consider these tissues as bar elements (unidimensional simple elements) which generate an adequate foot deformation but does not allow relevant biomechanical aspects to be measured such as the tissue traction stress. This limits the clinical information that these models can provide. Accurate mechanical measurements are important for the analysis of AADF development and its effect on foot tissues (Smyth et al., 2017) .
The main objective of this study was to evaluate the biomechanical stress generated on the tibialis posterior tendon, the plantar fascia and the spring ligament in different scenarios, in order to analyze their capacity to maintain the plantar arch, to quantify the foot deformation generated, and to identify how these tissues failure could generate a flatfoot deformity. The proposed FE model proposed, considers both the geometry and biomechanical characteristics of the human foot tissue. Common clinical metrics used in AAFD diagnosis were used to evaluate the talocalcaneal divergence and both the fall and lengthening of the plantar arch (the main signs of the pathology). These are the internal Moreau-Costa-Bertani (IMCB) angle, the forefoot abduction (FA) angle and the Kite's angle.
Methods

FE model design
This study is based on the model proposed by Morales Orcajo et al. (2015) , developed by our research group. This model reconstructs a healthy human unloaded foot, based on CT-images acquired from the right foot of a 49-year-old male -weight: 720 N and height: 1.70 m. Segmentation and tissue reconstruction were performed using MIMICS V. 10 software (Materialize, Leuven, Belgium). The model maintains the morphology of the cartilage, tendons and the plantar fascia as well as the differentiation of the cortical and trabecular bone ( Fig. 1-A) . This bone representation is generally overlooked, despite the importance of considering this differentiation in bone mechanics modeling, mainly in tissue stress evaluations (Garcia-Aznar et al., 2009; Bayod et al., 2012) . Due to the difficulty of segmenting the SL and both the short plantar ligament (SPL) and long plantar ligament (LPL) from the CT-images, the geometry of these tissues was included using atlas images, following the surgeons' guidance (See Fig. 1-B) . The SPL and the LPL have a secondary role in plantar arch maintenance (Tao et al., 2010) , but these tissues are fundamental for an adequate analysis of AAFD development (Hidalgo et al., 2014; Steginsky and Vora, 2017) .
Meshing
The model meshing was performed using ANSYS V.15 (Canonsburg, Pennsylvania, United States). A trial-error approach was employed to optimize the mesh size of each segment (Burkhart et al., 2013) . The conditions to achieve a reasonable mesh size without compromising the calculation time were:
• A minimum mesh size sufficiently small to fit into the tightest segments, particularly in the forefoot where many different minor components are concentrated.
• A maximum mesh size consistent with the minimum to avoid large differences in element size between regions. This was performed to ensure that the results were independent of the mesh density.
• A mesh accuracy in the 99% of the elements better than 0.2 (mesh quality -Jacobians) and check that the poor elements were located away from the region of highest interest.
• The number of elements below 500,000 with our current computational capacity (Intel Core i5 3.2 GHz CPU and 8 GB RAM), meshes higher than one hundred thousand elements increase significantly the computational time.
The equilibrium among these goals was found with 256,598 linear tetrahedral elements (C3D4) with element sizes as follows: 1 mm for the smallest cartilages between phalanges, 2 mm for phalanges, the thinnest ligaments and the rest of the cartilages, 3 mm for metatarsals and the rest of the tendons, and 5 mm for the large bones in the hindfoot. The mesh quality was checked using the recommendations of Burkhart et al. (2013) as a reference. They suggest that to obtain reliable results, the percentage of the inaccurate elements for each one of the criteria shown in Table 1 must be less than 5%. All parameters were within good mesh quality ratios (see Table 1 ). All the simulations were conducted with Abaqus/CAE 6.14-1 (Dassault Systémes, Vélizy-Villacoublay, France) using the Nonlinear geometry solver.
Tissue modeling and contour conditions
The model includes the geometry of all the main soft tissues related to both AAFD development and the foot loading response, in appropriate anatomical positions as shown in (Fig. 1-B) .
Except in the case of the cartilage model, the tissue models were considered as elastic-linear elements using biomechanical properties (Tao et al., 2010; Morales Orcajo et al., 2015) , and PF (E = 240MPa, v = 0.28) (Wright and Rennels, 1964; Morales Orcajo et al., 2015) , " E" being the Young's modulus and " v" the Poisson's ratio. Some other models consider cartilage tissue as an elastic-linear element (Tao et al., 2010) . However, in our case this assumption increased the rigidity of our model, reducing the bones rotation and the foot structure deformation, both of which are required to obtain the signs of AAFD: hindfoot pronation and forefoot abduction. To improve the model behavior and its convergence, we model the cartilage material as non-linear and hyperelastic, as suggested by Mansour and Wu (Mansour, 2003; Wu, 2007) , using the Ogden model. Additionally, these studies demonstrate that the cartilage tissue displaces water under compression. Therefore, it is not entirely correct to consider it as a quasi-incompressible material as is generally considered (Tao et al., 2010; Morales Orcajo et al., 2015) . Its strain energy density function U is:
where μ is the initial shear modulus, α is the strain hardening exponent, and D is the compressibility parameter. The parameters used are: μ = 4.4, α = 2 and D = 0.45.
Considering that the CT-images used in the model reconstruction were taken from an unloaded patient foot, an initial simulation was performed to obtain a normal standing load position (midstance of the gait cycle). This case was simulated including all the soft tissues considered in our model, applying a load of 720N which represents the full weight of an adult person leaning on one foot, with which the traditional scenario of the AAFD diagnostic assessment was emulated. This load was introduced in descending vertical direction and 10°of inclination (distributed in the zone of contact Tibia -Astragalus (90%) and Fibula -Astragalus (10%)) as Morales Orcajo et al. (2015) suggest. The traction force of the tendons was included as is reported in the Arangio and Salathe (2009) study. The simulations were performed maintaining fixed nodes at the lower part of the calcaneus and blocking the Z-axis displacement (vertical) of the lower nodes of the first and fifth metatarsals. In this way the ground effect over the model at the midstance of the gait cycle was simulated (See Fig. 1-C)   Fig. 1 . A) FE model reconstructed from CT scan images. B) Detailed geometry of the soft tissues included in model. From left to the right: 1) plantar fascia, 2) short plantar ligament, 3) long plantar ligament, 4) spring ligament and 5) tendons: Achilles tendon (AT), tibialis posterior tendon (TPT), peroneus longus tendon (PLT) and peroneus brevis tendon (PBT). C) Loading settings applied to the model, including the boundary conditions and the traction forces applied to the tendons. 
Model analysis and evaluation criteria
The biomechanical tissue stress was quantified using the field output spectrum available in Abaqus. The parameter used in the evaluation process was the maximum principal stress (S.Max). These eigenvalues are closely related to the tensile stress generated in foot tissues during loading. Each of the simulated case was normalized using as a reference the normal standing load simulations results. In order to identify the tissue contribution in both the plantar arch maintenance and hindfoot pronation momentum, different combinations of tissue failure/weakness were simulated. This strategy allowed us to identify both the tissue stress and the foot structure alteration. All the simulations performed are summarized in Table 2 . The effect of both the PLT and PBT were not considered, because their relationship with AAFD development is not a determinant (Toullec, 2015) . The structural changes of the plantar arch were quantified by determining the IMCB angle, the talocalcaneal divergence through Kite's angle and the forefoot abduction (FA) angle, measured as shown in Fig. 3 . The application Ruler developed by Ergonautas (2017) and the Polytechnic University of Valencia was used for the angles measurements. All the angle units are in degrees.
To determine the maximum deformation values that our model generates and to calculate the relative contribution of each of the analyzed tissues, a simulation eliminating all the soft tissues (except cartilages) was performed (Maximum deformation). This method follows the methodology used by Tao et al. (2010) in a real tissue experimental test.
FE foot model validation
The model was validated following the recommendations of Tao et al. (2009) . They measured some anatomical points in two different loading conditions (light loading and normal standing load), from the lateral view of RX-images. The variation of these points allowed us to compare the vertical displacements visible in radiographic images in normal feet with our FE model predictions. The vertical distance of the highest point of the Astragalus (AST), Navicular (NAV), the middle of the Cuneiform (CUN) and the highest point of the first metatarsal head (MTH1) were measured, as can be seen in Fig. 2 . These measurements were performed on 12 radiographic images of healthy patients to obtain a normalized average and standard deviation that allow an objective comparison with the model predictions. The free software ImageJ was used to measure the distances. Each image (96 ppi (pixels-per-inch)) was captured at the same distance and was aligned using as reference points: the highest point of the Astragalus head, the extreme left point of the first distal phalanx and the extreme right point of the calcaneus.
Results
About the model validation
Results of the validation process can be seen in Table 3 . The model generates a foot structure deformation as expected in a healthy patient, considering the foot anatomy from a lateral view under both a light loading (without soft tissue tension) and a normal standing load (soft tissue tension under normal conditions). Additionally, the model generates a foot deformation that matches with normal clinical ranges: IMCB angle: 115°, Forefoot abduction (FA) angle = 17°and the Kite's angle = 18°(See Fig. 3 ( A-B) ) (Younger et al., 2005; Haddad et al., 2011) .
The reference case
The Normal simulation was used as a reference to be compared to Maintaining only the SL, TPT and AT SL evaluation -Scenario 4
Maintaining only both the SL and TPT
Fig. 2.
Model validation using the method proposed by Tao (Tao et al., 2009 ). The image shows the comparison between a real radiographic image and the model simulation.
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each of the simulated case, while the Max. Deformation simulation was used to quantify the relative differences of each case. This difference comparison method is based on the experimental test reported by Tao et al. (2010) . The results can be seen in Fig. 3 ( C-D) .
Foot bone structure deformation
The first part of this study was focused on the evaluation of each tissue's ability to maintain both the foot bone structure and the plantar arch within normal ranges. We evaluated different conditions to quantify and compare the effect of the PF, SL and/or Tendons failure. In the All Tendons only case, the TPT, AT, PLT and the PBT were included, while the Passive Tissues case included the passive stabilizer tissues: PF, SL, SPL and LPL. The PF, the TPT and the SL were also tested in isolation. We used the Normal simulation as the base to measure the difference obtained in each case. The relative difference was measured using the Max. Deformation simulation shown in Section 3.2. All the results are shown in Table 4 . We also included the AT as a measurement variable because we identify important differences in the tissue stress simulations as is shown below. The AT effect over these tissues has not been explicitly reported in the literature.
Tibialis posterior tendon stress analysis
The TPT is one of the main tissues related with AAFD. The second part of this study was oriented to measure the biomechanical stress (in N/m 2 ), generated in this tissue in different scenarios. The results were normalized from 0 to 60N/m 2 in order to better show the differences, using as a reference the results obtained from the Normal simulation (Fig. 4A) . The results are shown in Fig. 4 . All the color scales show the highest value obtained from each of the simulated cases.
Plantar fascia stress analysis
As mentioned above, the plantar fascia is one of the main tissues associated with the plantar arch maintenance. We measured the biomechanical stress generated in this tissue in different scenarios. The results are shown in Fig. 5 . We normalized the results using as a reference the Normal simulation (Fig. 5A) . Again, the highest values of all the simulated cases are shown to facilitate the comparison.
Spring ligament stress analysis
The SL is the other soft tissue that has been related in recent years with AAFD development. We quantify the biomechanical stress that is generated in this tissue in different scenarios using our model. The results obtained are shown in Fig. 6 . We normalized the results using the Normal simulation (about 0 to 45N/m 2 ). We do not present the biomechanical stress of the short plantar ligament nor the long plantar ligament in isolation, because their contribution to maintaining the plantar arch was not significant. The foot deformation results obtained from simulate in isolation each one of these tissues were close to the Max. Deformation simulation (consistent with the Huang et al. (1993) and Tao et al. (2010) experimental test results).
Discussion
Adult acquired flatfoot deformity is a debilitating condition with a wide range of treatment options. It is characterized by a painful flattening of the medial longitudinal arch. This pathology has been traditionally related to a tibialis posterior tendon deficiency (KohlsGatzoulis et al., 2004) . However, some studies had found that the plantar calcaneonavicular ligament, also called the spring ligament, and the plantar fascia are also related to AAFD development (Deland, 2001; Tao et al., 2010; Toullec, 2015; Steginsky and Vora, 2017) . There are many treatment options, but the choice depends on the physician's Table 3 Results of the validation process. The values correspond to the difference between the measured distance from each point to the ground, in two different loading conditions: Light loading and normal standing load. C. Cifuentes-De la Portilla et al. Clinical Biomechanics 61 (2019) 163-171 experience. Surgeons must decide between tendinous reinforcement techniques, corrective osteotomies or selective arthrodesis in the middle and hindfoot joints (Bluman et al., 2007; Vulcano et al., 2013; Smyth et al., 2017) . This highly subjective process could be improved quantifying some biomechanical variables that have not to date been evaluated by experimental trials, such as biomechanical tissue stress. This paper presents a computational human foot model that includes the main soft tissues traditionally related to AAFD development, evaluated following clinical criteria. Our model allowed us to evaluate the tibialis posterior tendon biomechanical stress under different conditions, as well as the stress generated in both the plantar fascia and the spring ligament, which are also related with the development of the disease. This evaluation, enabled us to calculate the contribution of each tissue in the plantar arch maintenance. The model reproduced the foot deformities observed in both normal and flatfoot cases. Its versatility also allowed us to evaluate in isolation the relative stress differences generated in the TPT, the PF and the SL, and in different combinations, including the analysis of the Achilles tendon's effect on all the plantar tissues stress.
Some authors have proposed computational models to evaluate the AAFD, including some tissue evaluations related to the maintenance of the plantar arch. Gefen (2002) and later developed models that evaluate the biomechanical consequences of both a complete and partial PF removal. However, they simplified the biomechanical characteristics of the tissues, as well as their geometry, assuming the PF as a purely deformable element (bar elements). Wu (2007) proposed the first FE approach to evaluate the working of the plantar ligaments using a 2D model of the foot longitudinal arch. This model considered a detailed anatomical structure, as well as a nonlinear model for cartilages. Later, Tao et al. (2010) developed a detailed FE model, to evaluate the effect of the passive stabilizer tissues (FP, SL, SPL and LPL) on the plantar arch maintenance. In contrast to our proposal, these authors do not consider the hyperelastic behavior of the cartilage, the cortical and trabecular bone differentiation, nor the geometry suitable for the tissue stress study. Recently, some authors have considered complex computational models oriented to foot surgical planning (Spratley, 2013; Smith et al., 2017; Wang et al., 2016b; Wong et al., 2017) . However, these proposals maintain the soft tissue simplifications which do not allow the analysis of the biomechanical stress, thus limiting the clinical interest of these proposals for AAFD studies.
The results of our study suggest that the PF is the main soft tissue that maintains the plantar arch within normal ranges, followed by both the SL and the TPT and, to a lesser extent, both the short and long plantar ligaments. These results are consistent with those of Huang Table 4 Foot structure angles obtained from each of the simulated cases compared to the Normal case, considering both the real and relative differences. All the angles were measured in degrees. See Fig. 3 C. Cifuentes-De la Portilla et al. Clinical Biomechanics 61 (2019) 163-171 et al. (1993) and Tao et al. (2010) , who based their studies on experimental tests on cadaver models. Our model is capable of reproducing this type of study but also quantifying the biomechanical stress of each of the included tissues. Although the biomechanical stress values generated cannot be assumed to represent the real stress values found in all people (because of inter-subject variability), we are able to quantify the relative differences generated in each one of the cases. Thus, there is a significant difference between the biomechanical stress generated in the tibialis posterior tendon compared to both the plantar fascia and the spring ligament. The order of magnitude generated in this tissue is almost fourtimes higher than the PF stress and six-times higher than the SL stress. However, the results show that the TPT cannot support the plantar arch by itself. The foot deformation obtained when simulating the model keeping only the TPT tissue, was similar to the Max. Deformation case. However, it did reduce the foot pronation, as the SL does. The simulation also showed that if the PF and the SL or TPT are in good condition, the plantar arch keeps within normal ranges, but if one of them fails, the entire foot structure will be affected.
The tension generated in both the PF and SL is reduced when the tendons are included. This means that the tendons help to support the foot loading as was expected. However, they cannot maintain the foot arch by themselves. Our findings also suggest that the Achilles Tendon increases considerably the biomechanical stress of all the plantar soft tissues. Figs. 4, 5 and 6, showed that the generated stress was higher when the Achilles tendon was included than when the tissues were simulated in isolation. These results can be explained considering that the action of the Achilles Tendon force vector pulls up the calcaneus C. Cifuentes-De la Portilla et al. Clinical Biomechanics 61 (2019) [163] [164] [165] [166] [167] [168] [169] [170] [171] head, generating an increase in the plantar arch aperture. The foot deformation analysis shows that both the TPT and the SL action reduces the foot pronation. Additionally, the biomechanical stress generated in each one of the cases suggests that when one of these two tissues fails, the other one suffers considerable biomechanical stress increase (from about 300 N/m 2 to 370 N/m 2 in the TPT and from 45 N/ m 2 to 105 N/m 2 in the SL). The results for both the Kite's angle and the FA angle were similar in simulations performed in isolation for each one of these tissues. The plantar arch aperture (measured by the IMCB angle) generated by simulating the model maintaining only the SL tissue was similar to that obtained with the TPT in isolation. Furthermore, the model findings are consistent with the theory in which the tibialis posterior tendon has a secondary role, compared to both the PF and the SL in the plantar arch maintenance (elongation). Some authors consider that it is finally the tibialis posterior tendon which claudicates when the hindfoot has rotated around the tarsalnavicular joint. This explains the association between the TPT failure and the clinical signs of adult acquired flatfoot deformity (Richie, 2007) .
The main limitation of our model is that the analyzed soft tissues were modeled as elastic-linear material. However, since the method applies a static calculation with small displacements and deformations, the error is insignificant. Finally, we consider that the model presented contributes towards increasing biomechanical knowledge of the action of foot tissues under loading tests and may be useful for the study of AAFD and related clinical research.
Conclusions
The biomechanical tissue stress measured with our model and the foot deformation generated, fit the theory in which the posterior tibial tendon has a secondary role in the plantar arch maintenance. This tendon cannot support the foot arch on its own, and its biomechanical stress increases considerably when other tissues fail. Our findings show that this tissue prevents the foot pronation as well as the spring ligament, while the plantar fascia is the main soft tissue that prevents foot elongation. These signs are the most relevant in AADF development. Thus, AADF treatments and evaluations should be focused mainly on these soft tissues. The model herein presented can be used to analyze different scenarios for AAFD clinical research.
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